Abstract-Dual-arm Underwater Vehicle-Manipulator Systems are able perform a variety of interventions tasks, and there are still many challenges related to making such vehicles autonomous. This paper presents a guidance method for generating reference trajectories for such a system by considering the main manipulator and the vehicle base as a leader unit and the secondary manipulator as a follower unit. The desired behavior of the system is expressed as different tasks, and the reference trajectories are calculated using pseudo-inverse Jacobian task matrices and the null-space-based method. The proposed method has been implemented for a particular planar UVMS and simulated for a defined set of tasks. Simulation results confirm the correctness of the proposed method.
I. INTRODUCTION
Unmanned Underwater Vehicles (UUVs) play an increasingly important role within subsea exploration, including marine archeology, biology and the oil and gas sector. There exists two main types of UUVs: Remotely Operated Vehicles (ROVs) and Autonomous Underwater Vehicles (AUVs). ROVs are linked to a surface ship through a physical tether and are often fully/partly operated by a human operator, whereas AUVs are operated independently and are not tethered [1] . Although research is aiming to increase the degree of autonomy of UUVs, there are still many challenges related to this. AUV survey operations has a high degree of autonomy, while inspection and in particular intervention operations still require a human in the loop, at the very least as an observer that can intervene if necessary [2] . A typical UUV has a camera mounted on the body so the operator/human supervisor can observe what is happening. However, a fixed camera can never give the same viewing freedom and flexibility as that of a movable camera.
In case the mission requires interaction between the UUV and the environment, one or more manipulator arms can be attached to the vehicle body. This entire system is referred to as an Underwater Vehicle-Manipulator System (UVMS) [3] . Such vehicles have a much wider spectrum of possible missions since they are not limited to survey missions only, but can perform tasks such as sampling, retrieval of instruments, assembling and/or maintenance of underwater structures etc.
At a kinematic level, a UVMS can be considered as a manipulator arm mounted on a floating base. Thus, the theory also applies to other such systems, for instance a quadcopter or an UAV (Unmanned Aerial Vehicle) with one or more manipulator arms. A general floating base system without a manipulator arm has 6 Degrees of Freedom (DOFs): 3 for position and 3 for orientation. Adding a n-link manipulator arm results in a 6 + n DOF system, which is said to be kinematically redundant if it possesses more DOFs than those required to perform a certain task [4] . A general manipulation task is specified in terms of end effector position and orientation, and as such an UVMS is always kinematically redundant because the necessary DOFs are provided by the vehicle itself. In this case, it will be the guidance system's task to calculate the desired vehicle position/velocity and manipulator angles/angular velocities based on the current system state and the desired position/orientation of the manipulator end effector. To do so, one must solve the inverse kinematics problem. The most common approach to this is to use a Jacobian-based method [5] - [8] .
The "excess" DOFs can be utilized as a way to perform several tasks using Null-Space-Based (NSB) behavioral control [9] . Several different tasks and their corresponding forward kinematics and Jacobian matrices are defined in [3] . Examples of such secondary tasks are manipulability maximization, obstacle avoidance, joint limit avoidance, actuator power consumption, etc [10] - [13] . A task-priority framework has been successfully implemented within the TRIDENT EU FP7 project [14] .
A two-manipulator system can use the two arms to cooperate and thereby perform more complex tasks and pick up larger/heavier objects. A lot of research has been done on fixed dual-arm systems regarding coordinated and cooperative control, leader/follower control, force control, collision detection and avoidance etc. A Jacobian based method is used to calculate the desired manipulator motion in [15] . This paper considers relative motion between the two end effectors rather than the motion relative to a worldfixed coordinate system as this is more intuitive. In [16] a leader-follower set-up between the two manipulators is proposed, where the reference of the leader manipulator is feed-forwarded to calculate the appropriate reference of the follower. A centralized impedance control strategy using force and moment measurements is considered in [17] . Here, the dynamics rather than the kinematics is regarded. However, the dynamics of a dual-arm UVMS is highly complex, non-linear and nearly impossible to model correctly without making simplifications and approximations. The kinematics, however, is straight forward and exactly defined, and thus a kinematic approach may be better and more accurate.
Although there exists some literature on the guidance and control of a floating base with one manipulator, very little has been done for a two-manipulator system. A floating base dual-arm system is more complicated as the position and orientation of the base is subject to change. In [18] , one arm is commanded to perform desired tasks while the other provides compensating motions to keep the base inertially fixed. However, this limits the system in several ways: The base is required to be stationary during intervention tasks, and the second manipulator can not be used for intervention tasks. A dual-arm free-floating base system in also considered in [19] . Here a control scheme for trajectory tracking of the end effectors is proposed. However, this approach does not control the position/orientation of the base itself, something that may be desirable for certain missions.
This paper proposes a NSB Jacobian-based guidance scheme for a dual-arm UVMS which calculates references for both the manipulator arms and the vehicle base itself, in order to implement several concurrent tasks. A variety of tasks can be implemented and included in a prioritized order. Furthermore, it is proposed to consider one manipulator and the vehicle base as a leader and the second manipulator as the follower. This division ensures that conflicting tasks do not attempt to move the vehicle base in different directions. As a further consequence of this, we choose to define the motion of the follower manipulator relative to the base instead of relative to the inertial system. One particular case that is considered in this paper is the case where one of the manipulators carries a camera, and its main objective is to always point the camera towards the end effector of the other manipulator which is to perform an intervention task, thereby offering the operator/supervisor a good view of the intervention operation. The base and the intervention manipulator then constitute the leader, and the camera holding manipulator is the follower. This paper is organized as follows: Section II presents the vehicle kinematics and the proposed division of the leader-follower states. Section III describes the implemented tasks and the corresponding task Jacobians and Section IV contains the proposed guidance system based on the vehicle tasks. Finally, simulation results are given in Section V and conclusions and further work in Section VI.
II. VEHICLE KINEMATICS
A complete model of an UVMS consists of the kinematics and the kinetics. The kinematics is relatively straight forward and described in [3] - [20] . The forward kinematics of the manipulator arm(s) can be derived, for instance, by the Denavit-Hartenberg convention [21] , and the Jacobian matrix describes the relationship between the end effector velocities and the angular velocities of the arm. However, the kinetics of such a vehicle is very complex, highly non-linear and contains several cross-terms because of the interaction between the vehicle body and the manipulator arm [3] , [22] . In addition, the numeric values of the hydrodynamical parameters are difficult to identify precisely [23] - [25] . As such, model-based control of an UVMS is challenging.
In this paper a two-manipulator underwater vehicle in the plane is considered. The proposed approach can be followed for manipulators with any number of links. However, for simplicity of presentation we write the equations for the 3 and 2 links case. 
Furthermore, the manipulator arms have joint angles1 The forward kinematics of the manipulator arms are straight forward. Defining the vehicle length and height as L and H respectively and the length of the jth link of manipulator i as l i j , the position and orientation of the manipulator arms in the inertial frame are given as follows: 
Similarly, the forward kinematics of the manipulator arms relative to the body frame is given as
When considering the control of a one-manipulator UVMS, it is common to consider the vector ζ ζ ζ = [ν ν ν T ,T ] T whereis a n-dimensional vector containing the angles of the manipulator arm. The guidance system then aims to find desired values for ζ ζ ζ that, if fulfilled, will result in the vehicle tasks (see Section III) being fulfilled. As such, one option for the two-manipulator UVMS considered in this paper is to choose ζ ζ ζ = [ν ν ν T ,1 1 1 T ,2 2 2 T ] T . With this choice one would find references for the entire system as a whole since the two manipulators share one floating base. However, if the manipulators have conflicting tasks, they will try to pull the vehicle base in different directions. As such, this paper proposes to choose one of the manipulators as the main manipulator and any others as additional manipulators. These are only considered relative to the vehicle base and their tasks as such do not affect the desired velocity/position of the vehicle itself. Take for instance the case where the main task of manipulator two is to point the camera towards the main manipulator arm to provide the human operator/supervisor with a good visual input. To achieve this goal, only the joint angles of manipulator 2 should be changed: In particular, we do not want the position and orientation of the vehicle base to be affected in order to achieve this goal. Consequently, we propose to consider the two following independent vectors:
III. VEHICLE TASKS This paper considers the NSB behavior control to perform several tasks at once. If the UVMS has more DOFs than those required to execute a given task the system is redundant with respect to that specific task and kinematic redundancy can be exploited to achieve additional tasks. The tasks are sorted by priority: The secondary task is given lower priority with respect to the primary task by projecting the relative actions through the null space of the primary task Jacobian. The tertiary task is given lower priority with respect to the secondary task by projecting the relative actions through the null space of the primary and secondary task Jacobian and so on (see Section IV).
To illustrate the general method proposed in this paper, a certain scenario has been implemented and simulated. The different tasks are defined in this section.
Task j for manipulator i is denoted σ i j and the corresponding task Jacobian J i j . In general for a two-manipulator UVMS modeled as proposed in this paper, for a m DOF task, σ 1 j is a vector of length m and the corresponding Jacobian is a m × (n b + n 1 ) matrix, and σ 2 j is a vector of length m and the corresponding Jacobian is a m × n 2 matrix, where n b , n 1 and n 2 are the DOFs of the vehicle itself, Manipulator 1 and Manipulator 2, respectively. In this paper we will develop the equations for the particular case where n b = n 1 = 3 and n 2 = 2. This implies that the main manipulator and vehicle can be given tasks that require up to 6 DOFs and the secondary manipulator can be given tasks that require 2 DOFs. For the particular case where manipulator 2 carries a camera and Manipulator 1 is for intervention, the following tasks are proposed: Manipulator 1 -Task 1 -End effector trajectory and orientation -3 DOFs: The end effector should track a given trajectory with a given orientation:
The expression for σ σ σ 11 is given by (2) , and the Jacobiaṅ
is derived by taking the time-derivative of (2) and inserting (1).
Manipulator 1 -Task 2 -Orientation of vehicle -1 DOF:
The vehicle should have a constant orientation of ψ b = 0. Manipulator 1 -Task 3 -Vertical distance between the vehicle and the end effector -1 DOF: The vertical distance between the vehicle center and the end effector should be constant and positive to ensure that the manipulator is operating over the vehicle and that the vehicle is not blocking the view of end effector 2.
Similarly to Task 1, the Jacobian is derived by taking the time derivative of σ 13 using (2) and (1).
Manipulator 2 -Task 1 -Relative Field of View -1 DOF: End effector 2 should always point towards end effector 1. In this case, the task is chosen as the error between the desired and actual direction of the manipulator, so the desired task value is 0:
where a a a des and a a a are unit vectors illustrated in Figure 2 and are defined as
The corresponding 1 × 2 Jacobian is defined in [3] aṡ (22) where S S S(·) is the matrix cross product operator and X X X † denotes the Moore-Penrose inverse of the matrix X X X. J J J p and J J J o denote the position and orientation Jacobian matrices of end effector 2. With the proposed choice of ζ ζ ζ 1 1 1 and ζ ζ ζ 2 2 2 , the position and orientation is that of end effector 2 relative to the body frame. By taking the time derivative of (5) J J J p and J J J o can be derived: 
a a des − a a a −S S S(a a a des )S S S(p p p e ) † J J J p + S S S(a a a)J J J o
Remark 1: Note that the vectors a a a and a a a des have been expanded to three-dimensional vectors even though movement in only considered in the plane. This is due to the fact that the matrix cross product operator is a 3 × 3 matrix, and the dimensions must fit to carry out the matrix multiplications.
Similarly, (23) shows that J J J p and J J J o are 2 × 2 and 1 × 2 matrices, respectively. However, in (22) they are expanded to be 3 × 2 matrices by adding one zero row at the bottom of J J J p and two zero rows at the top of J J J o .
Remark 2:
The Jacobian includes a singularity that occurs when a a a des = a a a. This is resolved in the implementation by dividing by a small number ε rather than the error norm if the norm is smaller than ε [3] . Fig. 2: Illustration of a a a des and a a a for relative field of view. 
IV. GUIDANCE SYSTEM
This section presents the guidance system that calculates the desired system trajectories. With the proposed division of ζ ζ ζ 1 1 1 and ζ ζ ζ 2 2 2 a general task and the corresponding Jacobian can be expressed as
Note that tasks related to the vehicle/Manipulator 1 are completely independent on manipulator 2 (2 2 2 ) due to the fact that this is considered the main manipulator/leader. Tasks related to manipulator 2, however, may generally depend on the configuration of the vehicle, Manipulator 1 and 2. For a single task, the desired ζ ζ ζ can be calculated as
where Λ Λ Λ is a positive definite gain matrix and e e e σ σ σ d − σ σ σ . This is illustrated in Figure 3 . Note that the calculated, desired state of the UVMS is used as feedback in the guidance system rather than the actual state of the UVMS. In other words, the guidance system is independent of the actual behavior of the UVMS and only generates trajectories that, if fulfilled, will result in the best possible achievement of the given tasks. These trajectories can be calculated off-line. Future work includes closing the loop completely, expanding the guidance system to take the current UVMS state into account and thereby providing a more robust result. However, several tasks have been defined with a certain priority. As such, it is desirable to find a ζ ζ ζ 1,d and ζ ζ ζ 2,d that, if fulfilled, will result in achievement of all tasks. In case of conflicting tasks this might not be possible, in which case the goal is to find the best possible solution with respect to the defined priorities. This is done with the NSB method. Before adding the contribution of a lower-priority task to the overall desired vehicle velocity, it is projected onto the null space of the immediately higher-priority task so as to remove velocity components that would conflict with it. The total proposed guidance law for the considered system is thus given by (33) and (34). †
V. SIMULATION RESULTS
The UVMS described in Section II, the tasks listed in Section III and the guidance law (33) and (34) have been implemented using Matlab. This section presents simulation results of the UVMS behavior if the calculated desired states are tracked perfectly by the controller.
In the presented simulation, Manipulator 1 (task 1) has been tasked with tracking a straight line trajectory with a constant velocity between a defined start and end point. Furthermore, the desired orientation is constant and normal to the line. The desired vertical distance between the vehicle and end effector 1 (task 3) has been chosen as Finally, the UVMS has been implemented with a saturation on the linear and angular velocities. A method for ensuring that the saturation is not reached is described in [26] . This approach has not been implemented in this paper.
The simulation results are shown in Figures 4a-4d and confirm that the calculated reference values will in fact, if fulfilled, result in achievement of the implemented tasks. Furthermore, Figures 5a and 5b show that the task errors all converge to zero. Note that higher priority tasks converge before the tasks with lower priority. 
VI. CONCLUSIONS
This paper presents a method for generating reference trajectories for a two-manipulator Underwater Vehicle Manipulator System by considering the main manipulator and the vehicle base as a leader unit and the secondary manipulator as a follower unit. This ensures that the two manipulators do not attempt to drive the vehicle base in opposing directions/velocities due to conflicting tasks. The references are calculated using the task Jacobian pseudoinverses and a Null-Spaced-Based control approach. The proposed approach has been implemented for a particular UVMS working in the plane and simulated for a defined set of tasks. In particular, the case where one manipulator is dedicated to intervention operations and the other is holding a camera to provide the operator/supervisor a good view of the intervention, has been considered. Relevant tasks for this scenario have been defined, and simulations illustrate the performance of the proposed guidance approach.
Further work includes extending the simulation to 3 dimensions, implementing coordination tasks where the two manipulator arms cooperate on a task, considering collection detection/avoidance in case the two arms have 
